T umors have found many ways to evade eradication by the immune system (1). Negative regulation of the immune system by tumor cells has been implicated in the failure of many cancer vaccines (2). Cancer therapy with Abs blocking the negative immune regulator CTLA-4 on T cells has been encouraging (3, 4), suggesting that targeting negative immune regulators in cancer could be therapeutically beneficial. We showed the immune-suppressive molecule CD200 to be up-regulated 1.5-to 5.4-fold on B cell chronic lymphocytic leukemia (B-CLL) 2 cells in all 80 patients examined compared with B cells from healthy donors (5). CD200 is a type 1a transmembrane protein, related to the B7 family of costimulatory receptors, with two extracellular domains, a single transmembrane region, and a cytoplasmic tail with no known signaling motifs (6). It is normally expressed on thymocytes, T and B lymphocytes, neurons, and endothelial cells (7). CD200 binds to its receptor, CD200R, expressed on cells of the monocyte/macrophage lineage and on T lymphocytes (8). Interaction of CD200 with its receptor delivers an inhibitory signal to the macrophage lineage (9, 10), altering cytokine profiles from Th1 to Th2 in MLRs (11) and resulting in the induction of regulatory T cells (12), which are thought to hamper tumor-specific effector T cell immunity (13). Knockout of the CD200 gene in mice and studies with blocking Abs and recombinant Fc fusion proteins containing the CD200 or CD200R extracellular domains have shown that CD200 is a potent immunosuppressant in autoimmune and transplantation settings (9, 14, 15) .
T umors have found many ways to evade eradication by the immune system (1) . Negative regulation of the immune system by tumor cells has been implicated in the failure of many cancer vaccines (2) . Cancer therapy with Abs blocking the negative immune regulator CTLA-4 on T cells has been encouraging (3, 4) , suggesting that targeting negative immune regulators in cancer could be therapeutically beneficial. We showed the immune-suppressive molecule CD200 to be up-regulated 1.5-to 5.4-fold on B cell chronic lymphocytic leukemia (B-CLL) 2 cells in all 80 patients examined compared with B cells from healthy donors (5) . CD200 is a type 1a transmembrane protein, related to the B7 family of costimulatory receptors, with two extracellular domains, a single transmembrane region, and a cytoplasmic tail with no known signaling motifs (6) . It is normally expressed on thymocytes, T and B lymphocytes, neurons, and endothelial cells (7) . CD200 binds to its receptor, CD200R, expressed on cells of the monocyte/macrophage lineage and on T lymphocytes (8) . Interaction of CD200 with its receptor delivers an inhibitory signal to the macrophage lineage (9, 10) , altering cytokine profiles from Th1 to Th2 in MLRs (11) and resulting in the induction of regulatory T cells (12) , which are thought to hamper tumor-specific effector T cell immunity (13) . Knockout of the CD200 gene in mice and studies with blocking Abs and recombinant Fc fusion proteins containing the CD200 or CD200R extracellular domains have shown that CD200 is a potent immunosuppressant in autoimmune and transplantation settings (9, 14, 15) .
Although murine models provide important information with regard to the role of key proteins in immune function, various aspects of the mouse immune system differ dramatically from the human immune system, making inferences from these models unpredictable at times. Particularly in the case of CD200, in contrast to humans where only a single CD200 receptor has been identified, mice have multiple CD200 receptors, including stimulatory and inhibitory receptors (16, 17) . Furthermore, none of our anti-human CD200 Abs blocking receptor-ligand interactions cross-reacted with murine CD200. Therefore, to consider the potential therapeutic benefit of targeting human CD200 in a cancer setting, we developed an in vivo NOD/SCIDhu-mouse model evaluating immunosuppression by CD200-expressing human tumor cells on human PBMC (hPBMCs). The model was further used to evaluate the potential therapeutic value of anti-human CD200 Abs.
Materials and Methods

Mice
Four-to six-week-old NOD.CB17-Prkdcscid/J (NOD/SCID) mice were obtained from The Jackson Laboratory. Animals were housed at Perry Scientific. All procedures and protocols were approved by the Perry Scientific Institutional Animal Care and Use Committee.
BALB/c mice were immunized alternately with 293-Epstein-Barr nuclear Ag (EBNA) cells transfected with human CD200 and a soluble extracellular portion of human CD200 fused to murine IgG Fc (CD200-Fc). Phage display Ab libraries were made from spleen RNA basically as described by Wild et al. (18) , modified for mouse immunoglobulins.
The library of phage displaying Ab Fabs was panned on CD200-Fc either directly coated on microtiter wells (Costar) or captured with antimouse IgG Fc Ab (Pierce). The isolated Abs were screened on CD200-Fc and the binding to the cell surface-expressed CD200 was confirmed by flow cytometry analysis. DNA sequences were analyzed and selected Fabs were converted to chimeric IgGs.
Selected Fabs were converted to chimeric Fabs by PCR mutagenesis to fuse mouse variable regions to human constant regions ( L chain and IgG1 H chain CH1). For expression in mammalian cells, a human CMV immediate early promoter was inserted upstream of the H chain gene. The chimeric Fabs were cloned into an IgG expression vector containing the rest of the human IgG1 H chain constant regions and another human CMV immediate early promoter for expression of the L chain.
Construction of chB7-G2G4
The chimeric Fab B7 was initially cloned in two steps, first into a mammalian expression vector derived from the Lonza vector system bearing IgG1 H chain sequences and, subsequently, the IgG1 H chain sequences were replaced with IgG2G4 coding sequences (19) . To switch the IgG1 coding sequences in B7 to IgG2G4 coding sequences, the IgG1 region from the PinAI site in the human CH1 region through the stop codon to a BamHI site located after the SV40 pA was replaced with the corresponding region of an IgG2G4 coding sequence, which also bears a PinAI site at the same position in the CH1 region and was followed by a similar SV40pA sequence. B7 and an IgG2G4-bearing clone were therefore digested with AgeI and BamHI (AgeI is an isoschizomer of PinAI), and a 1752-bp fragment from the IgG2G4-bearing clone was used to replace the corresponding region of C2AB7-6 and generate clone 21.
The remainder of the IgG1 CH1 region from the end of the variable region to the AgeI site was converted to an IgG2G4 format by using overlap PCR. Primers were used in a PCR with an IgG2G4-expressing clone as the template to generate a fragment containing the desired CH1 region. Other primers were used with the chimeric Fab C2aB7 as the template to generate the murine H chain variable region. These fragments were used in overlap PCR, the resulting fragment was digested with XhoI and AgeI, and a 458-bp fragment was used to replace the corresponding XhoI/AgeI fragment in clone 21 to generate chB7-G2G4.
Humanization of anti-CD200 mAb chB7-G1
Compartmentalized framework sequences, defined as FR1, FR2, FR3, and FR4, were replaced individually by the corresponding framework sequences from different human H chain and L chain Ig variable regions. The murine CDRs of chB7-G1 in both the H and L chains of the humanized C2aB7 were maintained. Humanized B7 H chain variable region sequences and L chain region sequences were generated by overlap PCR with mutagenic oligonucleotides primers encompassing the regions to be altered, using chB7-G1 as the template. Primers were engineered to introduce human framework sequences as well as a HindIII site, a Kozak sequence (GCCGCCACCATGG) to enhance translation initiation, and a secretion signal sequence, and to fuse the humanized B7 variable H chain region in frame with the first six amino acids (spanning an ApaI restriction site) of the human ␥ 1 (G1) CH1 region in the case of the H chain or to fuse the humanized B7 variable L chain in frame with the first amino acid (covering a BsiWI restriction site) in the human constant -chain (C). The PCR fragments were TA cloned into pCR2.1 vector using a TOPO TA cloning kit (Invitrogen Life Technologies). DNA was isolated and sequenced for confirmation. For H chain cloning, the resulting plasmid was digested with HindIII and ApaI, and the restriction fragment encoding the humanized B7 variable region H chain was cloned into the plasmid pEE6 (Lonza) encoding a human G1 constant region. For L chain cloning, the pCR2.1 vector encoding the hB7V1 variable L chain was digested with HindIII/BsiWI and the restriction fragments were cloned into the pEE12 vector (Lonza) encoding a human constant -chain. To generate a double gene vector encoding both the humanized L chain and H chain, the vectors encoding the humanized L chain or humanized H chain were digested with NotI/BamHI and the resulting fragments encoding the respective Ab chains were ligated.
Antibody production
For in vitro studies, anti-CD200 Abs were produced by transient transfections of 293 cells with the appropriate Ab construct. For in vivo studies, anti-CD200 Abs and the negative control mAb ALXN4100, recognizing anthrax toxin, were produced in serum-free medium by stable Chinese hamster ovary clones containing the appropriate Ab construct. Ab in supernatant was purified by HPLC on protein A columns. Ab concentrations were determined by OD. Endotoxin levels were below the level of detection as demonstrated by the Limulus amebocyte lysate test (Cambrex).
Fluorescent bead assay
Carboxylate-modified TransFluorSpheres (488/645 nm, 1.0 m; Molecular Probes) were coated with CD200Fc (5). For adhesion to ligand-coated fluorescent beads, CD200R-transfected 293-EBNA cells (5 ϫ 10 6 /ml) were resuspended in Tris-sodium-BSA buffer (20 mM Tris-HCl (pH 8.0), 150 mM NaCl, 1 mM CaCl 2 , 2 mM MgCl 2 , and 0.5% BSA). Fifty thousand cells were preincubated with or without anti-CD200 Abs for 10 min at room temperature in a 96-well V-bottom plate. The ligand-coated fluorescent beads (20 beads/cell) were added and the suspension was incubated for 30 min at 37°C. After washing, the cells were resuspended in Trissodium-BSA buffer. The percentage of cells bound to ligand-coated beads was measured by a FACSCalibur flow cytometer in FL-3.
Mixed lymphocyte reactions
Mixed lymphocyte reactions were set up in 24-well plates using 500,000 monocyte-derived dendritic cells and 1 ϫ 10 6 responder cells (T cells) as described in McWhirter et al. (5) . Responder cells were T cell-enriched lymphocytes purified from peripheral blood by Histopaque separation. Five hundred thousand hPBMCs from patients with B-CLL were added to the dendritic cells in the presence or absence of 10 g/ml anti-CD200 Ab 2-4 h before lymphocyte addition. Patient samples added to the culture contained Ͼ80% CD19
ϩ B-CLL cells. Supernatants were collected after 48 and 68 h and analyzed for the presence of cytokines by ELISA (5) . Matched capture and detection Ab pairs for each cytokine were obtained from R&D Systems, and a standard curve for each cytokine was produced using recombinant a human cytokine.
Off-rate assay
For off-rate studies, the respective Abs were labeled using a Zenon kit (Molecular Probes). Primary human B-CLL cells obtained from The Scripps Cancer Center (La Jolla, CA) were blocked with a FcR blocking reagent and a saturating amount of Ab was added to the cells. After 30 min of incubation on ice, cells were washed and placed at room temperature and the presence of an anti-CD200 Ab on the cell surface was determined at various time points using a FACSCalibur flow cytometer.
Creation of stable CD200-expressing cancer cell lines
Stable CD200-expressing RAJI and Namalwa cell lines were generated using the ViraPower lentiviral expression system (Invitrogen Life Technologies). CD200 cDNA was isolated from primary human B-CLL cells obtained from A. Savan (The Scripps Cancer Center) by RT-PCR. The PCR product was cloned into the Gateway entry vector pCR8/GW/ TOPO-TA (Invitrogen Life Technologies). Clones with the correct sequence (compared with National Center for Biotechnology Information sequence identifier NM_005944) were recombined in both the sense and antisense orientations into the lentiviral vector pLenti6/UbC/V5/DEST (Invitrogen Life Technologies) containing the human ubiquitin C promoter using Gateway technology. High-titer vesicular stomatitis virus G proteinpseudotyped lentiviral stocks were produced and cultured with RAJI (American Type Culture Collection (ATCC)) or Namalwa (ATCC) cells. Two days later, the infected cells were analyzed for CD200 cell surface expression by flow cytometry. In all transductions, Ն70% of the cells were CD200 ϩ , whereas CD200 was undetectable in the parental cell lines and in cells transduced with the viruses containing the reversed orientation CD200 construct. Stable clones were produced by limiting dilution. Absolute numbers of CD200 molecules per cell on the transfected cell lines were assessed by flow cytometry using QIFIKIT according to the manufacturer's instructions and compared with the expression levels on primary B-CLL cells.
Isolation of hPBMCs from human peripheral blood
Peripheral blood was drawn from healthy human donors at the San Diego Blood Bank after informed consent and Institutional Review Board approval. Peripheral blood from B-CLL patients was obtained from Dr. A. Saven (The Scripps Clinic, La Jolla, CA) after informed consent and Institutional Review Board approval. hPBMCs were isolated using a Histopaque gradient. RBCs were lysed using NH 4 Cl.
Depletion of T cells or monocytes/macrophages
Monocytes, macrophages, and dendritic cells were simultaneously depleted from hPBMCs by cell sorting with magnetic beads coated with CD14 Abs (Miltenyi Biotec) and CD11c as per the manufacturer's instructions. T cells were depleted with magnetic beads coated with CD3. After sorting the cells, the depleted hPBMCs were resuspended in the same volume of medium as the equivalent number of undepleted hPBMCs before injection into animals. Successful depletion (Ͼ90%) was verified by FACS analysis.
Transfer of cells into NOD/SCID mice
Mice were uniquely numbered with ear tags and were randomized into the required number of treatment groups based on their body weight on the day before cell injection. Four million tumor cells and 2 ϫ 10 6 to 10 ϫ 10 6 fresh hPBMCs in a total volume of 200 l of RPMI complete medium were injected s.c. in a shaved area on the back of the mice.
Antibody dose, schedule, and administration
In some studies one-tenth of the dose of Ab indicated was mixed with 4 ϫ 10 6 tumor cells and 5-10 ϫ 10 6 hPBMCs in a total volume of 200 l and administered s.c. Animals subsequently received six doses of Ab as indicated, administered i.v. two times a week for 3 wk. In another set of studies, Ab was only administered i.v. starting 7 days after cell injection.
Tumor volume measurements
Tumor length and width were measured using a caliper three times per week by personnel blinded to the group design. Tumor volumes were calculated as follows: (length ϫ width ϫ width)/2. If a second tumor occurred in a given mouse, both tumor volumes were measured and their volumes added together. Tumor growth inhibition was calculated by 100 Ϫ ((mean tumor volume anti-CD200 Ab treated groups/mean tumor volume control mAb-treated groups) ϫ 100).
FACS analysis
At the end of some in vivo experiments, tumor cells from randomly selected mice were isolated and resuspended in FACS buffer (PBS, 1% BSA, and 0.05% NaN 3 ) at 5 ϫ 10 6 cells/ml. The anti-CD200 Ab C1a10 was labeled with an Alexa Fluor 488-conjugated Zenon label (Invitrogen Life Technologies) according to the manufacturer's instructions. The Ab recognizes a different epitope than the anti-CD200 Ab chB7-G1. Cell staining of CD200 molecules was detected using a FACSCalibur flow cytometer (BD Biosciences).
Serum cytokine analysis
In one in vivo study mouse serum was collected by retroorbital puncture before the start of the study and on day 8 after cell injection. The presence of human cytokines was determined by flow cytometry using a cytokine bead array (BD Biosciences) and a 1/2 serum dilution according to the manufacturer's instruction.
Statistical analysis
Differences in tumor growth between the anti-CD200-treated and control groups were determined using the Wilcoxon rank sum test, with p Ͻ 0.05 considered significant. Statistical analysis was performed by the statistician S. Talwalker (T'Walker Consulting).
Immunohistochemistry
Four randomly selected tumors from each group at the end of some of the animal studies were removed, embedded in OCT, and snap frozen. The samples were sectioned at 5 m in a Leica Cryostat. The sections were fixed in cold acetone and cold formalin before immunohistochemistry staining.
The slides were stained on the Ventana Medical Systems Benchmark XT IHC machine using a streptavidin detection system. A streptavidinconjugated CD8 Ab (Cell Marque), CD4 Ab (Novacastra), or CD11c Ab (Serotec) was applied, followed by biotinylated IgG, HRP-conjugated streptavidin, and diaminobenzidine. Slides were counterstained with hematoxylin. 
Results
Expression of human CD200 on tumor cell lines prevents the rejection of tumor cells by hPBMCs in a NOD/SCID hu-mouse model
To evaluate in vivo whether CD200 expression on human tumor cells such as B-CLL cells suppresses the human immune system, we established a model demonstrating that hPBMCs can reject tumor cells lacking CD200 expression. Despite attempts by many researchers, primary B-CLL cells rarely form tumors when injected into immunodeficient mice. Furthermore, because B-CLL cell lines forming xenografts were not available and none of the hematological cancer-derived cell lines maintain CD200 expression in culture, the human Burkitt's lymphoma cell lines RAJI (20) and Namalwa (21) were chosen as substitutes. Freshly isolated hPBMCs, regardless of HLA-type, were injected simultaneously with RAJI or Namalwa cells s.c. into immune-deficient NOD/ SCID mice, and tumor growth was compared. An allogeneic model system supports the vigorous lymphocyte-mediated killing of cancer cells within the limited lifespan of hPBMCs in this model and provides a rigorous evaluation of potential immune suppression mediated by CD200. As shown in Fig. 1A , tumor growth of RAJI cells was significantly reduced in a dose-dependent manner by hPBMCs ( p Ͻ 0.003). Tumor growth was inhibited up to 76% in the groups that received 5 or 10 million hPBMCs. In the Namalwa model (Fig. 1B) , the presence of 5 or 10 million hPBMCs significantly inhibited tumor growth (up to 75%) over a sustained period of time. Due to the limited lifespan of human immune cells in the model, nearly all mice eventually succumb and form tumors. The injection of 2 million hPBMCs did not significantly affect tumor growth in either model. Both models were repeated multiple times with eight different donors, resulting in a 50 -98% tumor growth reduction depending on the donor lymphocytes (data not shown). Rejection of the tumor by hPBMCs required both T cells and monocyte or myeloid dendritic cells, because the elimination of either cell population resulted in a significantly lower tumor growth reduction compared with the unmanipulated hPBMCs (Fig. 1C) .
To explore the effect of CD200 expression on tumor cells, RAJI and Namalwa cells were transduced with a cDNA encoding human CD200 (clones designated RAJI_CD200 or Namalwa_CD200) or with a reverse orientation CD200 cDNA as a negative control (clones designated RAJI_CD200rev or Namalwa_CD200rev), and stable CD200-expressing clones were selected. CD200 expression on the selected clones was similar to the expression level observed on human B-CLL cells as determined by flow cytometry. B-CLL cells expressed 50,000 -200,000 copies/cell, while RAJI_CD200 and Namalwa_CD200 cells expressed ϳ170,000 copies per cell. Furthermore, we evaluated whether CD200R is expressed in normal hPBMCs at similar levels as in B-CLL patients. Both healthy donors and B-CLL patients showed considerable CD200R expression with an average of 30% of all PBMCs expressing CD200R, including T cells and myeloid cells. Although B-CLL patients have considerably reduced numbers of T cells, the number of myeloid cells was similar in our analysis, which constitutes the bulk of CD200R-expressing cells. Our model therefore appears to adequately represent CD200 and CD200R expression.
Tumor growth of the RAJI or Namalwa cells was not altered by the presence of CD200 or the vector containing the reverse orientation CD200 cDNA (data not shown). As observed with the nontransduced tumor cells (Fig. 1A) , the tumor growth of RAJI_CD200rev was reduced by hPBMCs ( Fig. 2A) . In contrast, hPBMCs from the same donor could not significantly reduce tumor growth in the groups that received CD200-expressing RAJI cells (CD200_RAJI model) (Fig. 2B) . Similarly, CD200 expression on Namalwa cells (CD200_Namalwa model) prevented the inhibition of tumor growth by hPBMCs (Fig. 2D ) seen with Namalwa_CD200rev cells (Fig. 2C ).
These results demonstrate that the presence of CD200 on tumor cells such as RAJI and Namalwa prevents hPBMCs from inhibiting tumor growth. The data indicate that the CD200_RAJI and CD200_Namalwa models provide robust systems for testing the antitumor efficacy of antagonistic anti-CD200 Abs and a preclinical model for evaluating the potential therapeutic value in targeting CD200.
Selection of antagonistic anti-CD200 antibodies
We previously isolated a panel of murine anti-human CD200 Fabs by panning a phage display library derived from mice immunized with CD200-transfected cells and recombinant human CD200Fc on recombinant human CD200Fc (5). Selected Fabs were converted to chimeric mouse/human IgG1s and evaluated for their ability to block the interaction of CD200 with CD200R. Fig. 3A shows in a flow cytometric bead assay that the anti-CD200 Abs chA5-G1, chB7-G1, chB5-G1, and chB10-G1 completely blocked the interaction of CD200 with CD200R when used at 5 g/ml, while the negative control Ab showed little effect on the ligand/ receptor interaction. chA10-G1 showed only weak inhibition of the receptor/ligand interaction.
We previously demonstrated that the presence of CD200-expressing B-CLL cells in human MLR reduces Th1 cytokine production (5). The ability of the panel of chimeric anti-CD200 Abs to inhibit this cytokine shift was assessed (Figs. 3, B and C) . In MLR, chB7-G1 completely prevented down-regulation of the Th1 cytokine IL-2 by B-CLL cells and chB5-G1 and chA5-G1 significantly inhibited such down-regulation, whereas chA10-G1 and the negative control mAb did not affect the cytokine profile. Similarly, IFN-␥ production was down-regulated in the presence of B-CLL cells and substantially inhibited by chB7-G1, chB5-G1, and chA5-G1 (Fig. 3C) .
The ability of the Abs to mediate Ab-dependent cellular cytotoxicity (ADCC) was tested on 293 cells transfected to express human CD200 protein. All Abs showed moderate but significant ADCC activity compared with the negative control Ab ( p Ͻ 0.05 as calculated by Student's t test; data not shown). Differences in ADCC and complement dependent cytotoxicity (CDC) activity in vivo have been largely attributed to differences in Ab off-rate for Abs with the same constant region and Ag specificity (22) . Although chC2-G1, chA5-G1, and chB5-G1 had the slowest offrates, chA10-G1 exhibited the fastest off-rate and the chB7-G1 off-rate fell between that chA10-G1 and the other candidates (Fig.  3D ). Based on their ability to block the cytokine shift in MLR and their off-rate differences, we chose chB7-G1 and chB5-G1 as our candidates to test in the CD200_RAJI and CD200_Namalwa hPBMC models.
Anti-CD200 Ab treatment inhibits tumor growth in the CD200_Namalwa and CD200_RAJI models
The ability of the anti-CD200 Abs chB5-G1 and chB7-G1 to inhibit tumor growth was tested in the CD200_Namalwa model. Neither Ab cross-reacts with murine CD200; therefore, no murine syngeneic models can be used. chB7-G1 was given at four doses ranging from 1 to 20 mg/kg. Due to the limited availability of hPBMCs from a single donor, chB5-G1 Ab was only tested at two doses, 1 and 10 mg/kg. In the first studies, one-tenth of the indicated Ab dose was given at the time of tumor cell and hPBMC injection, after which the mice were treated i.v. twice per week for 3 wk at the indicated dose.
Treatment with doses of 5, 10, or 20 mg/kg chB7-G1 or 10 mg/kg chB5-G1 significantly ( p Ͻ 0.0001) inhibited tumor growth compared with the negative control Ab from day 23 to the end of the study (day 28) (Fig. 4, A and B) , where 20 mg/kg dosing of negative control mAb did not affect tumor growth relative to the group that received no hPBMCs. Tumor growth in the group that received Namalwa_CD200 cells and hPBMCs was somewhat FIGURE 4. Antagonistic anti-CD200 Abs inhibit tumor growth in the CD200_Namalwa and CD200_RAJI hPBMC models. A, Tumor growth in the CD200_Namalwa model with or without chB7-G1 treatment; All mice grew tumors in the Namalwa_CD200 group (nine of nine), the Namalwa_CD200 with hPBMC group (10 of 10), the 20 mg/kg control Ab group (10 of 10), and the 1 mg/kg chB5-G1 group (10 of 10). Six of ten mice grew tumors in the 20, 10, and 5 mg/kg chB7-G1 groups respectively, and eight of 10 mice in the 1 mg/kg chB7-G1 group developed tumors. Error bars represent mean Ϯ SEM, ‫,ء‬ p Ͻ 0.00001. B, Tumor growth in the CD200_Namalwa model with or without chB5-G1 treatment. All mice grew tumors in the 1 mg/kg chB5-G1 group (10 of 10), as did eight of 10 mice in the 10 mg/kg chB5-G1 group. Error bars represent mean Ϯ SEM, ‫,ء‬ p Ͻ 0.00001. C, CD200 expression on day 27 in the CD200_Namalwa (NW_CD200) model. At the end of the study, tumors from three mice per group were removed and single cells were isolated and analyzed for the presence of CD200 by staining with an Alexa Fluor 488-labeled anti-CD200 Ab. Values represent mean Ϯ SD. D, Tumor growth in the CD200_RAJI model. Tumor incidence is 10 of 10 mice for the RAJI_CD200 and RAJI_CD200 plus hPBMC groups, eight of 10 in the 5 mg/kg chB7-G1 group, five of 10 in the 5 mg/kg hB7V4-G1 and 5 mg/kg hB7V2-G1 groups, nine of 10 in the 5 mg/kg hB7V1-G1 group, and seven of eight in the 20 mg/kg control Ab group. Error bars represent mean Ϯ SEM; ‫,ء‬ p Ͻ 0.001. In all experiments the hPBMCs and tumor cells were mixed with one-tenth of the indicated Ab dose and injected s.c. into NOD/SCID mice. Subsequently, mice were injected i.v. with the indicated doses twice a week for 3wk.
higher than that in the control Ab group in this study. Once mean tumor volumes are very large, more variation is observed. In multiple studies with similar design, there is either no increased tumor growth in the presence of hPBMCs or the differences did not reach statistical significance. Tumor growth inhibition was not significantly different among the 5-20 mg/kg dose groups for chB7-G1. The inhibition (compared with the control mAb group) at day 28 was 95, 93, or 93% in the groups dosed with 5, 10, or 20 mg/kg chB7-G1, respectively. Dosage with 10 mg/kg chB5-G1 resulted in 82% tumor growth inhibition. The 1 mg/kg chB7-G1 or chB5-G1 dose did not significantly inhibit tumor growth. These data suggest that either the anti-CD200 Abs mediate ADCC or CDC of the tumor cells or that anti-CD200 treatment can block the immune suppression of CD200-expressing tumor cells. A direct cytotoxic effect of the anti-CD200 Ab in the absence of immune cells was excluded in vitro. The anti-CD200 Abs did not directly block proliferation or induce apoptosis in RAJI_CD200 or Namalwa_CD200 cells, as expected in the absence of any known signaling domain or docking motif in the cytoplasmic tail of CD200 (data not shown).
Flow cytometric analysis of tumor cells at the study's end revealed a large reduction in CD200 cell surface expression in tumors from mice dosed with 5-20 mg/kg anti-CD200 Ab compared with tumors in mice from the control groups (Fig. 4C) . The detecting Ab recognized a different or slightly overlapping epitope than the CD200 Ab used for treatment. Although not strictly quantitative, the result indicates that the loss of CD200 detection was not a result of an inability of the detecting Ab to bind CD200 due to a prebound anti-CD200 Ab but was indeed a result of the loss of CD200 on the cell surface. In contrast, no reduction was seen in mice that received 1 mg/kg doses of chB5-G1 or chB7-G1, indicating that CD200 expression of the cells is stable in the in vivo environment but can be down-regulated upon treatment.
The dosing experiment described above was repeated in the CD200_RAJI model with similar results (data not shown). For human therapeutic use, it is desirable to humanize the Ab by replacing murine amino acids in the chimeric Ab framework with the corresponding human framework amino acids where possible. Three humanized Abs derived from chB7-G1 were produced and evaluated for their efficacy in inhibiting tumor growth compared with the parental chimeric Ab in the CD200_RAJI (Fig. 4D ) and CD200_Namalwa (data not shown) models. Affinities of the humanized Abs were comparable to the parental Ab. Treatment with negative control Ab did not inhibit tumor growth, whereas groups treated with any of the three humanized anti-CD200 Abs at 5 mg/kg had significantly reduced ( p Ͻ 0.001) tumor burden from day 24 until the end of the study. All humanized Abs showed Ͼ75% tumor growth inhibition, while treatment with the parental chimeric chB7-G1 Ab resulted in 70% tumor growth inhibition. This demonstrates that the humanized versions of chB7-G1 are effective in inhibiting tumor growth in the CD200_RAJI model. Humanized Ab hB7V2-G1 was most effective, with only 5% tumor growth compared with the control Ab-treated group. The anti-CD200 Abs did not enhance hPBMC-mediated tumor growth inhibition of RAJI or Namalwa cells that do not express CD200, indicating that the Ab effect is specific to CD200-expressing tumor cells (data not shown).
Immunohistochemistry staining of a limited number of tumors showed that in tumors from mice that received anti-CD200 Ab, a large number of CD8 ϩ T cells (Ͼ25 T cells/field) was present in the small tumors found at the end of the study (Fig. 5, A and B) , while no CD4 ϩ or CD11c ϩ cells could be detected. In contrast, no human immune cells were found at the end of the study in tumors from mice that received hPBMCs and the control Ab (Fig. 5C) , confirming activation or retention in the tumor environment of the human immune cells in the anti-CD200 treated mice and providing mechanistic support for CTL activity against the tumor. Furthermore, in one study using the CD200_Namalwa model, the presence of human cytokines (IL-2, IFN-␥, IL-4, IL-10, TNF-␣, IL-8, IL-6, IL-12) in mouse serum 8 days after cell injection was evaluated by flow cytometry in a randomly selected number of mice treated with humanized anti-CD200, control mAb, or vehicle control as a readout for immune activation. Only IFN-␥ was detectable with the anti-CD200-treated group showing elevated levels of IFN-␥ (146 Ϯ 26 pg/ml) compared with the control mAb-treated group (94 Ϯ 7 pg/ml) or vehicle control (110 Ϯ 22). Although the differences did not reach statistical significance, the trend suggests cytotoxic T cell activation and the killing of tumor cells. In addition, we evaluated the presence of antitumor Abs in the serum of mice by flow cytometry. No antitumor Abs were detectable, suggesting that there was no strong humoral antitumor response.
Tumor growth inhibition as a result of anti-CD200 Ab treatment is immune mediated
When CD200 is expressed on tumor cells, tumor growth inhibition by anti-CD200 Abs with a G1 constant region could simply be mediated through ADCC or CDC and not through the postulated blocking of CD200-mediated immune suppression. To evaluate whether an Ab without an effector function can inhibit tumor growth in the CD200_Namalwa model, an Ab with an effectorless constant region was made. chB7-G2G4 carries a hybrid constant region composed of a fusion of G2 and G4 in the hinge of the C-regions (19) . As observed with other Abs carrying a G2G4 constant region (19), chB7-G2G4 did not bind to Fc␥R1, or Fc␥R2, nor did it mediate complement activation or ADCC (data not shown). Mice were treated with either chB7-G2G4 or chB7-G1 at ϩ T cells are found in tumors from mice treated with anti-CD200 Ab but not in mice that received the control Ab. Tumors from mice described in Fig. 4 were snap frozen and slides were prepared and stained with anti-human CD8 Ab. A and B, Representative tumor from mouse treated with 20 mg/kg chB7-G1 at ϫ10 or ϫ40 magnification, respectively. C, Representative tumor from control mouse that received 20 mg/kg control Ab (ϫ10 magnification). Stained cells on a 1-cm 2 field on each section were counted. Slides from four different tumors per group were examined. More than 25 CD8 ϩ T cells per field were observed in the positive samples.
5601 Fig. 6 shows 5 mg/kg groups only). Both Ab constructs were highly effective in inhibiting tumor growth. Twenty-five days after tumor cell injection and at the end of Ab treatment, at the 5 mg/kg dose none of the mice treated with chB7-G2G4 developed a tumor compared with two of 10 mice treated with chB7-G1. In contrast, at day 25 mice in the negative control Ab-treated group had an average tumor volume of Ͼ3500 mm 3 . Two weeks after the last Ab treatment, eight of 10 and 10 of 10 mice in the 5 and 20 mg/kg chB7-G1 treated groups, respectively, had developed tumors compared with six of 10 and eight of 10 in the 5 and 20 mg/kg chB7-G2G4 treated groups, respectively. Considering the limited lifespan of hPBMCs in NOD/SCID mice as well as the exhaustion after activation and the lack of renewal of these cells, long-term effects of anti-CD200 treatment cannot be assessed. However, it appears that anti-CD200 treatment for 3 wk was curative in a portion of the mice. In vivo efficacy of the chB7-G2G4 Ab in this study showing 99.5% tumor growth inhibition at a 5 mg/kg dose provides evidence that tumor growth inhibition by anti-CD200 is based on blocking the CD200 receptor-ligand interaction.
Anti-CD200 Ab treatment inhibits tumor growth in the CD200_Namalwa model when Ab treatment is initiated after ligand-receptor interactions have occurred
In all of studies described above, Abs were administered to the mice at the same time that they received tumor cells and hPBMCs. Although such a model is important to demonstrate the biologic effect of CD200 on cancer cells, immune cells will have already FIGURE 6. Anti-CD200 Ab without effector function (chB7-G2G4) inhibits tumor growth in the CD200_Namalwa hPBMC model. Tumor growth in NOD/SCID mice injected s.c. with a mixture of hPBMCs, tumor cells, and one/tenth of the indicated Ab dose. Subsequently, mice were injected i.v. with the indicated doses twice a week for 3 wk. All mice in Namalwa_CD200, Namalwa_CD200 plus hPBMCs, or 20 mg/kg control Ab groups developed tumors (10 of 10), whereas none of the 10 mice in the 5 mg/kg chB7-G2G4 group and two of the 10 mice in the 5 mg/kg chB7-G1 group developed tumors by day 25, n ϭ 10 per group. Error bars represent mean Ϯ SEM; ‫,ء‬ p Ͻ 0.00001.
FIGURE 7.
Anti-CD200 Ab inhibits tumor growth in the established CD200_Namalwa hPBMC model. NOD/SCID mice were injected with 10 ϫ 10 6 hPBMCs and 4 ϫ 10 6 Namalwa_CD200 cells. Ab was first administered i.v. 7 days after tumor cell injection and (A) was continued twice a week for 3 wk with tumor incidence of 11 of 11 mice for Namalwa_CD200 (ϫ3), two of 11 mice for 5 mg/kg chB7-G2G4, three of 11 mice for 2.5 mg/kg chB7-G2G4, and 10 of 11 mice for 20 mg/kg control Ab at the end of the study (B) or administered only once (ϫ1) with tumor incidence of seven of 10 mice, twice a week for 1 wk (ϫ2) with a tumor incidence of 10 of 10 mice, or once a week over 3 wk (ϫ3) with tumor incidence of 10 of 10 mice or twice a week over 3 wk (ϫ6) with tumor incidence of nine of 10 mice. Error bars represent mean Ϯ SEM; ‫,ء‬ p Ͻ 0.00001. interacted with CD200 on tumor cells in cancer patients before a therapeutic anti-CD200 Ab can be administered. To investigate whether anti-CD200 treatment is effective after hPBMCs have interacted with CD200 on tumor cells, anti-CD200 treatment was initiated 7 days after NOD/SCID mice were injected with Namalwa_CD200 cells and hPBMCs. Although tumor volumes in mice that received hPBMCs and control Ab were somewhat reduced compared with tumor volumes in mice that received tumor cells only, there was still a large enough window to observe further tumor growth inhibition. Treatment with 5 mg/kg chB7-G2G4 resulted in strong tumor growth inhibition (99.5% at the study's end, day 26, compared with control mAb treated mice), while 2.5 mg/kg had a lesser effect (83% at day 26) (Fig.  7A) . Only two of 10 or three of 10 mice had a small tumor at day 26 in the 5 mg/kg or 2.5 mg/kg chB7-G2G4 treated groups, respectively. Importantly, these results indicate that anti-CD200 treatment is effective even after hPBMCs have interacted with CD200 on tumor cells.
In a further study, we evaluated whether a single dose of the humanized Ab hB7V2-G2G4 can inhibit tumor growth when treatment is initiated 7 days after tumor cell and hPBMC injection. As shown in Fig. 7B , administration of a single dose of 5 mg/kg hB7V2-G2G4 significantly inhibited tumor growth (62%). However, multiple dosing was more effective. Weekly dosing over 3 wk was most effective in inhibiting tumor growth (72%).
Discussion
To evade host immunity, tumors use numerous strategies to hinder the function of critical cells of the immune system. A number of different negative immune regulators expressed on the surface of tumor cells have been identified, such as B7-H1 (23, 24) and B7-H4 (25) (26) (27) . In this study we provide novel in vivo evidence for another strong inhibitor of an immunological antitumor response. CD200, found on certain tumors such as B-CLL (5), exerts its effects through interaction with its receptor, CD200R. Because CD200R is expressed on macrophages and dendritic cells as well as on certain T cells such as follicular Th cells (17) , tumor-expressed CD200 can negatively influence the immune system through multiple pathways.
The best understood function of CD200 based on in vitro data is its effect on macrophages and dendritic cells. Interaction with CD200R on plasmacytoid dendritic cells induces the immunosuppressive pathway of tryptophan catabolism (28) . CD200R engagement biases stem cells in the bone marrow toward the development of suppressive APCs, which can induce regulatory T cells (29) . Dendritic cells found in cancer patients, including patients with B-CLL, are often defective (30, 31) and detrimental to an effective antitumor response (32) . CD200R engagement might be an important factor contributing to their immunosuppressive state. B-CLL cells themselves are weak APCs due to their low levels of costimulatory molecules (33) . Enabling immune cells in the tumor cell environment to mount an effective antitumor response by blocking CD200 might be promising because autologous CTLs capable of killing B-CLL cells have been generated in vitro (34 -36) and in vivo with autologous tumor cell vaccines (37), indicating that they are present at some level in patients. In the case of B-CLL, tumor cells may have a particularly high impact on the fate of APCs in bone marrow. B-CLL cells home to the marrow via chemo attraction between CXCR-4 on the B-CLL surface and stromal cell-derived factor 1 (SDF-1) in the bone marrow (38) . B-CLL cells are also preferentially found in the spleen, another organ where tumor cells can impact a large number of immune cells.
In addition to the effect of CD200 on altering APCs, the observed shift from Th1 to Th2 profiles after CD200R engagement might also play an important role in cancer progression. A shift from Th1 to Th2 cytokine production has been observed during the progression of many cancers and has been associated with a negative prognosis (39 -41) . Podhorecka et al. (42, 43) showed that a Th1 cytokine response shifts to a Th2 cytokine response during the progression of B-CLL. These cytokine shifts are expected to negatively influence T cell cytotoxicity and the ability of B-CLL cells to undergo apoptosis. Previously, Gorczynki et al. (44) showed in a mouse leukemia model that anti-CD200 treatment of EL4 cells transfected with CD86 can be beneficial. Increased CD200 expression in this model was demonstrated on spleen cells, implying that anti-CD200 in this model affected immune cells. Tumor cells were not evaluated for CD200 expression. However, this effect was not observed with EL4 cells transfected with CD80, indicating that in this model anti-CD200 therapy did not universally increase an antitumor response by blocking CD200 on immune cells. This was also confirmed in our model where tumor growth inhibition was not increased by anti-CD200 treatment of Namalwa or RAJI cells in the absence of CD200 expression on the tumor (data not shown). Our data clearly demonstrate that CD200 expressed on tumor cells can block an antitumor response and that anti-CD200 therapy is effective in our model for tumors expressing CD200, even in the setting where receptor-ligand interactions are already in place at the time of Ab administration. Although an anti-CD200 Ab with an IgG1 constant region could mediate tumor cell killing through the ADCC or CDC activity inherent in the IgG1 constant region, effective tumor cell killing using an anti-CD200 Ab with a hybrid constant region composed of human IgG2 CH1 and hinge region fused to the IgG4 CH2 and CH3 constant regions that cannot mediate ADCC or CDC suggests that the Ab exerts its antitumor activity by blocking the CD200/CD200R interaction. This conclusion was further supported by the lack of a direct effect of the Ab on tumor cells as demonstrated in apoptosis and proliferation assays. Furthermore, microarray experiments did not show the up-regulation of any cellular pathways after incubation of Namalwa_CD200 cells with anti-CD200 Abs (data not shown), indicating that a CD200 receptor-bearing cell is required to see an effect of CD200 modulation. The lack of ADCC and CDC activity and a direct effect on cancer cells distinguishes our anti-CD200 Ab from other clinically used mAbs such as rituximab (anti-CD20) and trastuzumab (anti-HER-2). Both rituximab and trastuzumab have G1 constant regions and have been shown to mediate CDC and ADCC activity in vitro. In the case of anti-CD20, efficient tumor cell killing in patients with non-Hodgkin's lymphoma has more recently been demonstrated to be dependent on Fc␥RIII alleles (45) , further supporting ADCC-mediated killing as one key mechanism. Other mechanisms also play a role (46) . CD20 appears to function as a calcium channel, and recent data suggest that Rituxan cross-linking induces the translocation of CD20 to lipid rafts, which is important for increased intracellular calcium levels and downstream apoptotic signaling. Anti-HER-2 Abs target a receptor tyrosine kinase with a signaling domain that is overexpressed and appears to be integrally involved in disease progression (47) . Targeting Her2/neu with a bivalent (cross-linking) Ab has an effect on cell proliferation. In contrast, CD200 does not have a signaling domain. All of our studies have demonstrated that the anti-CD200-G2/4 Ab does not block or activate intracellular signaling in the CD200-expressing tumors. Furthermore, the anti-CD200-G2/G4 Ab cannot mediate cell killing through ADCC or CDC due to our engineering of the constant region. Therefore, another cell type (CD200R bearing) is required to see an effect of CD200 modulation. Hence, though immune cell-mediated killing is common among these Abs, their mechanisms are different.
The animal model we describe herein, where mice are reconstituted with human immune cells and human tumor cells, is a broadly applicable useful model for the study of various human targets and new therapeutic agents that play a role in immune modulation. It provides a system for the evaluation of key pathways where differences between the mouse and human immune system are known, as well as for the study of therapeutic Abs and other reagents that do not cross-react with their targets in rodents. Although ideally primary B-CLL cells or a B-CLL cell line would serve as source of tumor cells, such a system has not been consistently established. We previously created a B-CLL cell line (5) that was used to identify CD200 as a cell surface target on B-CLL cells. Interestingly, the B-CLL cell line that we created, which originally expressed CD200, down-regulated it in vitro, and the addition of various cytokines in vitro had no effect on the level of CD200 expression. The cell line showed tumor growth in vivo only when injected together with hPBMCs, suggesting potential effects of a growth factor produced by hPBMCs (data not shown). The few tumors that did grow up-regulated CD200 expression. Although it is difficult to directly relate cause and effect, it seems that pressure by the immune system may have resulted in the upregulation of CD200. In the absence of such pressure in vitro, CD200 is not playing a critical role and is therefore down-regulated. Because tumor incidence was low (40%), this is not a suitable model for testing Ab efficacy.
Although the hPBMC model is suitable for demonstrating the importance of CD200 in the tumor environment and the potential therapeutic value of blocking Abs, the model has limitations in that human immune cells have a limited lifespan in the mouse. Waiting until tumors are large to test an effect of an anti-CD200 Ab is not an option because effector cells are not renewable in this model and insufficient numbers remain after 4 wk. However, the critical question is whether a blocking Ab can provide a therapeutic benefit after the inhibitory interactions between ligand and receptor have occurred. Indeed, we do see a strong therapeutic benefit of administrating anti-CD200 Abs with abrogated effector function even in the face of the inhibitory interactions between CD200 and its receptor that are already in place, similar to the human cancer setting. CD200 down-regulation was observed after 3 wk of anti-CD200 treatment. In stark contrast to most antitumor Ab therapies, treatment-related down-regulation of the target may be a benefit by improving the capacity of human immune cells to eradicate cancer cells.
Although ideally hPBMCs from patients would be studied in this model, insufficient samples are available to perform a thorough study. As an alternative, an allogeneic tumor xenograft model with normal hPBMCs was chosen to demonstrate that the immunosuppressive effect of CD200 is very robust. CD200R is found on similar cell types in B-CLL patients as in normal donors and is present on an average of 30% of PBMCs in B-CLL patients, suggesting that immunosuppressive interactions of CD200 with CD200R can take place in B-CLL patients. Whether CD200 indeed plays such an immunosuppressive role in B-CLL patients can only be addressed in the clinic. The model does however provide a solid scientific rationale for studying the effectiveness of anti-CD200 therapy in patients with B-CLL or other cancers expressing CD200. Consideration of the normal expression profile of CD200 (7) and the proposed mechanism of action of an anti-CD200 Ab in generating an antitumor response suggest that C region selection may be important. An effectorless C-region like the G2G4 fusion could limit the damage of normal cells expressing CD200, such as endothelial cells and neural cells. In contrast, the additional benefit of ADCC and/or CDC activity may increase the potency of immune-mediated tumor cell killing after Ab binding. As with other cancer therapies, a combination of anti-CD200 therapy with cancer vaccines or chemotherapeutics might ultimately be most effective. Interestingly, fludarabine, the current standard therapy for B-CLL, has been shown to reduce the number of regulatory T cells in B-CLL patients (48) . A combination of fludarabine with an agent that prevents the induction of regulatory T cells might be very effective. Finally, in contrast to existing B-CLL therapies, anti-CD200 therapy may stimulate the immune system to provide an antitumor effect, as well as simultaneously reduce the risk of infections in B-CLL patients.
Taken together, our data provide evidence for immune suppression mediated by CD200 expression on tumors. Administration of an antagonistic anti-CD200 Ab enabled the human immune system to eradicate CD200-expressing cancer cells in our model system. Whether anti-CD200 therapy is a safe and viable approach in the setting of human cancer awaits further study.
